Background: Many buildings in Egypt e.g. museums, mosques and churches, do not possess controlled environments for minimizing the risks of damage of wooden artifacts due to the growth of fungi. Fungal damage usually appears as change in wood color, appearance of stains, and sometimes deformation of wooden surfaces. In this study we focused on the effect that some fungi exert on the properties of wooden artifacts and evaluated the effectiveness of different concentrations of chitosan on their protection against damage by mold fungi. Results: Samples were collected from different monuments and environments, and fungi growing on them were isolated and identified. The isolated Penicillium chrysogenum, Aspergillus flavus and Aspergillus niger strains were used for the infestation of new pitch pine samples. The results revealed that the lightness of samples infected with any of the tested fungi decreased with increasing incubation times. XRD analysis showed that the crystallinity of incubated samples treated individually with the different concentrations of chitosan was lower than the crystallinity of infected samples. The crystallinity index measured by the first and the second method decreased after the first and second months but increased after the third and fourth months. This may due to the reducing of amorphous part by enzymes or acids produced by fungi in wooden samples. Conclusions: The growth of fungi on the treated wood samples decreased with increasing the concentration of chitosan. Hence, it was demonstrated that chitosan prevented fungal growth, and its use could be recommended for the protection of archeological wooden artifacts.
the fact that chitosan toxicity exerts an effect on membrane permeability and on the architecture of the mycelium [7] . It was found that increasing concentrations of chitosan would cause an increase in chitin deposition, which would reflect changes occurring at morphological and ultrastructural level within the cell wall. Increase of the chitin content in the mycelium in the presence of increasing concentrations of chitosan suggesting that chitosan treatment enhanced deposition of cell wall [8] . It has been used widely due to its biodegradability, biocompatibility, antimicrobial effects, lack of toxicity, and anti-tumor properties [9] . Ahonkhai et al. [10] reported that chitosan is freely available, is cheap, and has antifungal and bacteriostatic properties. Chitin is naturally found in the exoskeleton of crustaceans and insects [11] . Chitosan occurs naturally in fungi of the order Mucorales. Commercial chitosan is mainly obtained by partially removing the acidic acid residues from the chitin of crustaceans. The polymer is characterized as chitosan according to the degree of deacetylation (DD), which is determined from the proportion of D-glucosamine and N-acetyl-D-glucosamine. Structurally, chitosan is a straight-chain copolymer composed of D-glucosamine and N-acetyl-D-glucosamine. It is the most abundant basic polymer and is structurally similar to cellulose, which is composed of only one monomer (glucose). The solubility of chitosan depends on the amount of protonated amino groups in the polymeric chain, and therefore on the proportion of acetylated and non-acetylated D-glucosamine units. It is soluble after stirring in acids such as acetic, nitric, hydrochloric, perchloric, and phosphoric [12, 13, 14, 15, 16, 17, 18, 19] . In recent years, chitosan has been investigated as a chemical for protection of wood against fungal decay. Schmidt et al. [20] found that 2% chitosan treatment decreased the wood decay by two brown-rot fungi considerably. It has been used in aqueous solution, employing an impregnation technique [21] .
Analyses and investigations are considered to be the most important tools for evaluation of the environment, and of materials that are used in conservation processes. The X-ray diffraction method has been used more and more extensively in the past twenty years for the characterization of different crystalline and non-crystalline materials of archeological, historical, and artistic interest [22] . Abdel-Maksoid and Al-Saad [23] , Abdel-Maksoud [24] , and Marutoiu et al. [25] have used X-ray diffraction for the determination of wood crystallinity. Bugheanu et al. [26] , Picollo et al. [27] , and Gelbrich et al. [28] have used FTIR for determination of the extent of deterioration of wood. Lo Monaco et al. [29] and Ozgenc et al. [30] have used UV spectrophotometry for measurement of color changes of wood treated with different applications.
In this study, we aimed to: a) Isolate and identify mold fungi from monuments in different locations and environments of historical Cairo; b) Study the effects of mold fungi that were isolated and identified on selected properties of pitch pine wood; c) Evaluate the efficiency of different concentrations of chitosan for the protection of wood from mold fungi.
Materials and methods

Archeological samples
The fungi studied were isolated from the following sites:
a) 
Isolation and identification of fungi
Isolation of fungi was done according to Abdel-Maksoud [24] . Pieces of deteriorated wood were placed into sterile plastic bags and were transferred to the laboratory, where their inner parts were exposed and sterile swabs were used to wipe along surfaces contaminated with fungi. The swabs were then gently wiped onto the surface of a potato-dextrose agar (PDA) medium in Petri dishes, and cultures were incubated at 28°C for 1-2 weeks. Individual fungal colonies were then recovered and transferred to Petri dishes with malt extract agar (MEA). Colonies from the established subcultures were used for the assessment of the morphological characteristics of the isolated fungi [31, 32] and for their grouping into distinct species/morphotypes.
In addition, and for verifying initial taxonomic determinations based on morphological features, total genomic DNA of representative strains from each species/morphotype was extracted from mycelium. For the isolation of fungal DNA, 50 mL of potato-dextrose medium were inoculated by stock cultures, which were grown on MEA slants for 7 d at 27°C. Biomass was obtained after 2 d incubation at 27°C by centrifugation at 4000 × g for 10 min and washed twice with double distilled sterile water. Disruption of the cells was performed in a ceramic mortar using liquid nitrogen and a pestle until a white powder was obtained. Genomic DNA was extracted from 100 mg of biomass powder as instructed by the GenElute™ Plant Genomic DNA Miniprep Kit (Sigma-Aldrich, St Louis, MO, USA). Elution was performed in two steps (100 μL each) and the presence of genomic DNA was realized by 1% agarose-gel electrophoresis.
PCR primers used by White et al. [33] design the amplification reactions for the ITS1-5.8S-ITS2 rDNA region were ITS1 (5′-TCCGTAGG TGAACCTGCGG-3′) and ITS4 (5′-TCCTCCGCTTATTGATATGC-3′), which were constructed by Eurofins Genomics (Ebersberg, Germany). The following PCR conditions were used for ITS amplification: the reaction was initiated at 95°C for 2 min followed by 35 cycles of 95°C for 20 s, 48°C for 30 s, 70°C for 15 s with a final extension step at 70°C for 2 min. PCR products were checked by agarose-gel electrophoresis using 1 kb DNA Ladder RTU (NIPPON Genetics EUROPE, Düren, Germany). The PCR products were directly sequenced by Eurofins Genomics (Ebersberg, Germany). All fragments were read in both directions and nucleotide sequences were submitted to GenBank database and their accession numbers are the following: KU243044, KU243045, KU243046 and KU243047.
Alignment of sequences was carried out through the use of the Clustal Omega software (http://www.clustal.org/omega/). Phylogenetic relationships were inferred by using the Maximum Likelihood method based on the Kimura 2-parameter model [34] . Initial tree(s) for the heuristic search were obtained by applying the Neighbor-Joining method to a matrix of pairwise distances estimated by the Maximum Composite Likelihood (MCL) approach. The branch swap filter was set at 'strong', and all sites were used for the analysis including gaps. Bootstrap values were derived from a total of 10,000 replicates. Pertinent analyses were conducted through the use of MEGA 6 software [35] . Eleven additional sequences from related (to this study's material) fungal taxa were retrieved from GenBank, and were included in the phylogenetic analysis. Among them, Mucor fragilis was used as outgroup.
Fungal strains
In this study, the three active strains Aspergillus niger, Aspergillus flavus, and Penicillium chrysogenum were isolated from wood samples taken from the different locations mentioned above.
Inoculation of wood samples with the isolated fungi
For fungal growth prior to infestation of wood samples, Czapek-Dox agar (CZA) was used: sucrose 30 g/L, sodium nitrate 2 g/L, dipotassium phosphate 1 g/L, magnesium sulfate 0.5 g/L, potassium chloride 0.5 g/L, ferrous sulfate 0.01 g/L, agar 20 g/L (final pH: 7.3 at 25°C). CZA was poured into Petri dishes, and was further inoculated with fungal spores, which were uniformly distributed onto the medium surface by a wrapped glass spreader, and wood samples (treated and untreated, with and without fungicide) were put at the center of each petri dish. Petri dishes were sealed by using Parafilm to prevent any possible contamination and drying of agar during an incubation period of four months at 28°C.
Sample incubation
Fungal cultures were incubated at 28°C for four months. After this incubation period, the wood samples were picked out and cleaned mechanically with a brush to remove mycelia. The samples were conditioned at 21 ± 2°C and 65% relative humidity (RH) for 72 h before measurements.
The application of fungicide to the wood samples
The application method used was the impregnation technique. The samples were soaked until saturation with fungicide. Upon removal of excess fungicide, the samples were allowed to dry at the room temperature, and then were transferred to Petri dishes [36] . Chitosan [deacylated chitin, poly(D-glucosamine)] dissolved in 2% acetic acid was used in this study. The concentrations used were 0.25%, 0.50 % and 0.75%. Chitosan (low molecular weight) was purchased from Aldrich. The control samples were treated with acetic acid (2%) alone.
Investigation techniques
Measurement of color change with UV spectrophotometry
Color changes caused by the effect of accelerated incubation cycles were measured by using the CIE L*a*b* system [23, 37, 38] . The L* scale measures lightness, and varies from 0 (black) to 100 (perfect white). The a* scale measures red-green, with '+a' meaning more red and '-a' meaning more green. The b* scale measures yellow-blue, with '+b' meaning more yellow and '-b' meaning more blue. The total color difference (ΔE) is calculated according to Equation 1 [39] :
Measurements were made using a Macbeth Color Eye 7000 UV spectrophotometer (Gretag Macbeth, USA).
Fourier transform infrared spectroscopy (FTIR)
Fourier transform infrared attenuated total reflection spectroscopy (FTIR-ATR) has been used extensively to investigate adsorption and reactions on surfaces. This method of analysis was used in accordance with Jadoul et al. [40] , Pouliot et al. [41] , Xie et al. [42] , Velkova and Lafleur [43] , Kazarian and Chan [44] , Liao et al. [45] , Dias et al. [46] , and Russeau et al. [47] . A significant advantage of the ATR technique is that the wood sample does not require any preparation, thereby minimizing possible damage to the sample [48] . The infrared spectra were obtained using a JASCO-ATR-FT/IR-6100 Fourier transform infrared spectroscope.
XRD for the determination of wood crystallinity
The crystallinity of selected samples that were either untreated or treated with chitosan at different concentrations, and of samples infected by the fungi under study, was determined using a Lab XRD 6000 X-ray diffractometer (Shimadzu, Japan). The results for four peaks were selected in the fitting of each diffractogram, three peaks for the cellulose crystalline peaks (101), (10Ī), and (002) peaks. In this study, the position (2θ degrees), the full width at half maximum (FWHM) (2θ degrees), and intensity were obtained for each fitted peak.
Peak position (2θ degrees)
The positions of the peaks in an X-ray diffractogram reflect the dimensions of the crystallite of the cellulose unit cell.
Peak width (2θ degrees)
Measurement of the degree of crystallinity by using peak width (the width at half height parameters in 2θ degrees) was done in accordance to Hermans and Weidinger [49] . The peak width was calculated by taking the difference between the peak position and the half height intersection, and multiplying by two. These parameters should represent the width of the peak at half its height if no other peaks have interfered.
Peak intensity (2θ degrees)
There are two methods for evaluation of the intensity of untreated, incubated and untreated, and incubated and treated wood samples. These methods were applied as follows:
3.3.3.1. First method. This method was used in accordance with Hermans and Weidinger [49] . In this method, the intensities of the (10Ī) and (002) peaks were normalized against the (101) peak intensity.
3.3.3.2. Second method. This method was used in accordance with Segal et al. [50] and Terinte et al. [48] . By this method, the crystallinity index can be calculated according to Equation 2:
where CrI is the crystallinity index, I 002 is the intensity at approximately 22.6°2θ and I am is the intensity at approximately 19°2θ. This crystallinity index, which is based on the two-phase model for cellulose, has no absolute theoretical significance, but it is as good as any other approach for the relative ranking of cellulose I crystallinities. This method was therefore used in ranking the crystallinities of the cellulose examined.
Results and discussion
Identity of the fungal strains isolated from wooded artifacts
The main morphological features of the strains isolated were as follows: a) Strain HRa -MEA 25°C, 7 d: colony diameters 8.5-9.0 cm, plane to floccose; conidial heads radiate to columnar, yellowish to green to olive green; mycelium white; reverse uncolored. Stipes 160-730 × 6. The above morphological descriptions led to the following initial taxonomic assessments: A. flavus for strain HRa, A. niger for strains A2 and HRb, and P. chrysogenum for strain 503.
Since identification to species level for fungi of these two genera is often difficult and ambiguous, the four strains were also subjected to sequence analysis of their ITS-5.8S region. The obtained sequences (GenBank accession numbers: KU243044, KU243045, KU243046 and KU243047) were compared to published sequences selected on the basis of their highest homology (99-100%, through the use of the BLASTN algorithm, NCBI). The phylogenetic tree constructed by including all these sequences confirmed the identity of the three out of the four strains examined, while the fourth strain (HRb) was grouped together with A. tubingensis (Fig. 1) . It is noteworthy that A. niger and A. tubingensis are among the several morphologically indistinguishable species of the section Nigri [51, 52] ; hence, the use of molecular markers was necessary for their discrimination [53] .
Change of color
Lightness (L* value)
It was clear from the data obtained (Table 1 ) that the lightness of the samples infected by the isolated fungi decreased in relation to those of the control samples, and also decreased with increasing the incubation times. The highest reduction in lightness was obtained by A. niger, followed by P. chrysogenum and A. flavus respectively.
The data obtained from the incubated sample treated with chitosan revealed the resistance of the sample to fungal infection. The concentration of chitosan plays an important role against the fungi studied and at improving lightness compared to infected samples without treatment. The best results of lightness were obtained from the third concentration, followed by the second and the first concentrations respectively. It should be mentioned that the ability of chitosan for disinfection decreased with increasing the incubation times.
Hue: more red (a* value)
It was clear from the data obtained (Table 1 ) that the degree of red color of the infected samples by fungi studied increased with high degree compared to the control sample. The results revealed that the degree of red color (a* value) of infected samples decreased with increasing incubation time until the 4th month of incubation. The highest increasing in red color value was obtained from P. chrysogenum, followed by A. niger and A. flavus respectively.
It was also noticed that the red color of the treated samples decreased compared to the infected samples by fungi. The reduction of red color of the treated samples decreased with increasing the concentration of chitosan. It should also be mentioned that the red color value of the treated and infected by fungi samples increased with increasing the incubation times at all concentrations used. Fig. 1 . Phylogenetic relationships among fungal strains of the genera Aspergillus and Penicillium isolated from the inner part of wooden artifacts as inferred by using the Maximum Likelihood method based on the Kimura 2-parameter model [34] . The tree with the highest log likelihood (-3274.0695) is shown. Sequences derived in the frame of the present study are marked in bold, whereas other highly-similar sequences were obtained from the GenBank. The percentage of replicate trees in which fungal material clustered together in the bootstrap test (10,000 replicates) are shown next to the branches when values ≥50% [63] . Mucor fragilis was used as outgroup.
Hue: more yellow (b* value)
It was clear from the data obtained that the b* value of the infected sample corresponded to yellow, which increased by increasing the incubation time. The highest increasing in red color value was obtained from P. chrysogenum, followed by A. niger and A. flavus, respectively.
The yellow color of the samples treated with chitosan increased with all chitosan concentrations and with all incubation times, relative to the control samples. The yellow color value of treated samples with chitosan decreased compared to the infected samples by fungi without treatment. The yellow color value of the treated samples decreased with increasing the concentration of chitosan. The results confirm that the yellow color value of the treated and infected by fungi samples increased with increasing the incubation times at all concentrations used.
Total color difference (ΔE)
It was clear from the data obtained that the total color difference in the infected samples increased with increasing incubation time. The total color difference in the treated samples decreased with increasing concentration of chitosan.
Mold fungi cause discoloration of wood. Blanchette [3] mentioned that these fungi do not degrade lignified cell walls, but use the contents of ray parenchyma cells to grow on the wood surfaces and slightly into the wood. He also stated that staining fungi have pigmented mycelia that penetrate into the wood through the rays, bordered pits, and cell lumen.
Morrell and Smith [54] observed that the graying of wood surface is almost exclusively the result of growth of dark-colored fungi. The fungi that colonize weathered wood surfaces can grow on most carbon-containing materials. Growth of molds occurs after spores germination on the wood surface; then hyphae ramify through the outer few millimeters of wood by penetrating the cell lumina, bordered pits, and rays. The hyphae of fungi that colonize softwoods are most prominent in rays and resin ducts where they grow by metabolizing sugars, starch, and resin acids. The walls of the ray parenchyma and epithelial cells surrounding resin ducts are often destroyed, leaving elongated, open channels that increase the permeability of the affected wood. This effect may contribute to pronounced fluctuations in the surface moisture content of wood.
FTIR analysis
It was clear from the data obtained (Fig. 2) that the band at approximately 3572 cm -1 (control sample) could be assigned to O\ \H stretching vibration, which gives considerable information about the hydrogen bonds. Relative to the control samples and with all incubation times (from 1 month to 4 months), the peak characteristics of hydrogen bonds from the spectra of amorphous cellulose became sharper and of lower intensity, and the peak shifted to higher wavenumber values for all incubated, treated samples at different chitosan concentrations and with all the fungi studied. Compared to the control samples, the wavenumber of the infected samples shifted to lower values with A. flavus, and to higher values with A. niger and P. chrysogenum. Ciolacu et al. [55] stated that the broad band in the 3600-3100 cm -1 region, which is due to OH-stretching vibration, gives considerable information about the hydrogen bonds. The peak characteristics of hydrogen bonds from the spectra of amorphous cellulose became sharper and of lower intensity compared to the initial cellulose samples. Shang et al. [56] stated that the FTIR spectra of wood samples with fungal decay show large changes in peak intensity and peak position, compared to corresponding samples without fungal decay. For all samples studied and with all incubation times, the band at approximately 2941 cm -1 was assigned to the C\ \H stretching vibration.
This peak also shows the presence of amorphous cellulosic samples. With all the fungi studied and with all incubation times, the peak intensity from the incubated samples treated with chitosan decreased relative to those from the control samples and the infected samples. Bugheanu et al. [26] mentioned that the cellulose components are susceptible to microorganisms. Free cellulosic components are a favorite substrate for microorganisms, and a decrease in the corresponding peak intensity is always properly assigned to this phenomenon. Lojewska et al. [57] stated that the intensity of the band at around 2900 cm -1 comes from the C\ \H stretching vibrations, which can change depending on the conditions used. In this study, the amount of amorphous cellulose increased with increasing concentration of chitosan. The bands at 1659 cm -1 for the control samples and 1685 cm -1 for the infected samples were assigned to C_C bonds. The intensity of this peak from the infected samples increased compared to the peak from the control samples. It also increased with increasing incubation time. The intensity of the band increased because of the appearance of C_C bonds, which indicated that there was a decomposition process. For incubated, treated samples, the intensities of the peak decreased compared to the control samples, and this also indicated the potency of chitosan against infection by the fungi studied. Bugheanu et al. [26] reported that changes in the band at approximately 1650 cm -1 are due to the different moisture levels in the samples. The source of moisture in the samples studied may be from the wood samples and chitosan, which was dissolved in 2% acetic acid. The FTIR absorption band at approximately 1434 cm -1 for the control samples, 1428 cm -1 for infected samples, and 1424 cm -1 for most of the incubated, treated samples were assigned to an asymmetric CH 2 bending vibration. This band is known as the "crystallinity band", meaning that a decrease in its intensity reflects a reduction in the degree of crystallinity of the samples. We noticed that the intensity of the band at 1428 cm -1 for most of the incubated samples treated with chitosan increased more than with the control samples and infected samples. This band reflects the increase in amorphous cellulose.
XRD analysis of wood treated with chitosan and infected with different fungi
Poletto [58] explained that there are several ways for the cellulose chains to crystallize. The degree of crystallinity of native cellulose is source-dependent; the crystallinity of wood cellulose is typically around 60%. There are six known crystal polymorphs of cellulose: I, II, IIII, IIIII, IVI, and IVIII. In nature, polymerization and crystallization of cellulose occurs simultaneously and its native crystalline form with parallel chains is called cellulose I. The study focuses on cellulose I. 
Peak position (2θ degrees)
It was clear from the data obtained (Fig. 3 ) that the position of the (101), (10ĺ) and (002) peaks of the control sample was at 14.4, 16.4 and 22.58 (2θ) respectively. The position of this peaks after infection with any of the fungi studied shifted to a lower value with all incubation times (from 1 to 4 months).
The results revealed that the value for the position of the (101), (10 ĺ) and (002) peaks increased after treatment with chitosan (with all concentrations) and infected with all fungi studied compared to the control sample. It was also noticed that the increasing of the peaks positions (101), (10ĺ) and (002) of the treated samples and infected increased with increasing the concentration of chitosan.
Peak width
The peak width at half maximum is a measurement of the degree of crystallinity of a material. It was clear from the data obtained (Fig. 3) that the peak width for cellulose I ((101), (10Ī), and (002)) of the control sample were 0.09, 0.08, and 0.4 mm, respectively. The peak widths for samples infected with fungi studied increased relative to the control sample. The increasing of the peak width of infected samples increased with increasing the incubation times (from 2 to 4 months). The peaks' width of the treated and infected with fungi samples increased compared to the control and infected samples without treatment. The increasing of the peak width of the treated and infected samples increased with increasing the concentrations of chitosan. It can be said that the samples treated and infected with any of the fungi led to an increase in the peak width, which may have been due to the water used as a solvent with chitosan. The increase in peak width reduced, maybe due to the reduction of wooden samples moisture, after the third and fourth months of incubation.
Peak intensity
From the data obtained (Fig. 3) , the crystallinity of the control sample was 3.6 by the first method and 51.4 by the second method. This value decreased after infection with the fungi under study. The decreasing of intensity increased with increasing the incubation times, and this may due to the fact that mold fungi cause microstructural changes of cellulose and reduce the crystallinity values (in those cases that lignin has been already degraded by other fungi).
The crystallinity index of the treated samples and infected with fungi was higher than the control and infected samples without treatment at the first concentration (0.25%). The crystallinity index by the first and second methods decreased after 2 months and started to increase again after the third and fourth months. It was noticed that the crystallinity index by measurement of peak intensity decreased with increasing the concentrations of chitosan. Goh et al. [59] showed that the crystalline phase of cellulose without any microbial infection has a higher intensity than cellulose that has been infected.
The application of chitosan on historical wooden artifacts
The impregnation technique was carried out for the application of chitosan on wooden samples in order to obtain information on the effectiveness of this polysaccharide against fungal growth. However, regarding the controls used it must be stated that acetic acid alone inhibits microorganisms. Acetic acid, either chemically pure or as vinegar is one of the oldest and most widespread preservatives of animal feed and food against bacteria, fungi and yeasts. Concentrations of 0.02-0.04% inhibit several bacteria and 0.02-0.09% are lethal; the yeast Saccharomyces cerevisiae is inhibited by 0.59% acetic acid and the mold fungus A. niger by 0.27% [60] .
Samples of the bamboos Bambusa stenostachya and Thyrsostachys siamensis did not mold after dipping in solutions of 10% acetic acid [61] . Samples of oil and date palm woods treated with 2% acetic acid and then infected with A. niger were totally free from fungal growth [62] . However, this technique should not be performed on archeological wooden artifacts. The most suitable technique will depend on the size of wooden artifacts and their state. For example, if the sample has good strength, a soft brush can be used for the application of chitosan, while in the case of sensitive wooden artifacts; the spray technique could be followed.
Conclusions
The lightness of the samples infected with any of the fungi studied decreased with increasing incubation time. The resistance to fungi of the samples treated with chitosan increased with increasing concentration of fungicide. The percentage loss of lightness with A. niger infection and treatment of samples with chitosan at different concentrations was higher than the percentage loss of whiteness in similarly treated samples infected with A. flavus or P. chrysogenum. A. flavus gave the highest increase in a* value for the samples treated with chitosan at any of the concentrations used, followed by P. chrysogenum and then A. niger. The a* value of the samples treated with chitosan decreased with increasing concentrations of chitosan, but the samples treated at all concentrations had a higher a* value than the control samples. Yellowness (b* value) of samples infected with fungi increased with increasing incubation time. The yellowness of the samples treated with chitosan was higher than that of the control samples, but this value decreased with increasing concentrations of chitosan after one month with all the fungi studied, after two months with A. flavus, and after three months with A. niger and A. flavus.
FTIR analysis showed that treatment of wood with the fungicide chitosan conferred resistance to fungal growth, since the intensity of the band at 1685 cm -1 for the infected samples, assigned to C_C bonds, increased more than for the incubated, treated samples, irrespective of incubation time. FTIR analysis confirmed that for all fungi studied, incubated samples treated with chitosan were more amorphous during the incubation times than the infected samples. X-ray diffraction analysis showed that with all the fungi studied, the peak positions of cellulose I ((101), (10ĺ) and (002)) in infected samples decreased compared to the control samples during all incubation times. The peak positions of the incubated, treated samples increased with increasing concentration of chitosan. The X-ray diffraction analysis proved that after the first and second months, the peak position and peak width increased after chitosan treatment and infection with any of the fungi. This increase decreased after the third and fourth months, but was still higher than for the control sample. The crystallinity index, measured with either the first or the second method, decreased, but increased after the third and fourth months of incubation with any of the fungi studied. The highest concentration of chitosan tested (0.75%) conferred high resistance to fungal growth, and this concentration can be recommended for use with historical wooden artifacts.
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